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Exoplanets: A very old question*

Epicurus (341-270 BC):

“.there are infinite worlds both like and
unlike this world of ours.”

Giordano Bruno (1584):

“.there are countless suns and countless
earths all rotating around their suns.”

Isaac Newton (1713): “And if the fixed stars
are the centers of similar systems, they will
all be constructed according to a similar
design ..




Exo .
planets: A very old guestion ®
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Why is it so difficult?

Stars are

larger
brighter

than planets

>>> indirect methods or methods that cancel out the stellar contribution

Credit: NASA Heliophysics 5



Differential photometry

primary transit
Differences between observations

inand out of occultation reveal

1’

37 27

secondary eclipse

Relative Flux

Example: half-orbit lightcurve of
HD189733b at 8 micron
with Spitzer
(Knutson et al. 2007)



Differential photometry

primary transit
_ | Differences between observations

inand out of occultation reveal

secondary eclipse 1.003

1.002

1.001

Relative Flux

Example: half-orbit lightcurve of
HD189733b at 8 micron
with Spitzer
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Space-based: Kepler

Keplet Bb
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-collaboration with
SUNY Albany
(Ben Placek, now: WIT)

-bayesian phase curve
modelling & retrieval code
EXONEST
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EXONEST

+ data
—one—moon model

- - -two—moon model

Relative Flux
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Kepler-91b; Placek, Knuth &
Angerhausen, ApJ, 2015b

S 'Beachball' mapping; Chontos,
TESS + Kepler; Placek, Knuth & Angerhausen & Placek, in prep
Angerhausen, ApJ, 2016




Statistical evidence for 'Exo-Trojans'

12

_Hippke & Angerhausen, ApJ, 2015



Space-based: Kepler

Keple.r sees hints of asteroids -First evidence for “Exo-Trojans”
pursuing planets near other stars (Hippke & Angerhausen, ApJ, 2015)
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(Tmage: NASA/IPL-Caltech, . Pyle (S5C)) N eW S C i e nti St

A STATISTICAL SEARCH FOR A POPULATION OF EXO-TROJANS IN THE KEPLER DATASET

MICHAEL HIPPKE
Luiter Strafle 21b, 47506 Neukirchen-Vluyn, Germany

DANIEL ANGERHAUSEN
NASA Postdoctoral Program Fellow, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
Draft version August 4, 2015




(NIR-) Spectrophotometry

cessrvessi - Primary transit:

L Probing terminator
Broadband depth: ~ 1 %

Spectral features: ~ 10

edit: D. A. Aguilar (CfA)

Secondary eclipse:
Probing dayside
Broadband depth: ~ 0.1 %

Spectral features: ~ 104

(Knutson 2008)



Hot Jupiters

15



Hot Jupiters

Planet Emission Spectrum

Thermal Profile
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K. B. Stevenson (2014)
Phase-resolved emission spectrum of WASP-43b

61 orbits with HST-WFC3 16



Super Earth vs Mini Neptun ‘




Future: Biomarkers

Most promising:
Oxygen and methane

....like gradstudents and pizza

(credit: Shawn DG)

® EARTH



Future: Biomarkers

NEXSS Exoplanet Biosignatures Workshop-Without-Walls
5 Review papers:

Title: Exoplanet Biosignatures: Observational Prospects

Short title: Observational Prospects for Biosignatures

Yuka Fujii'?, Daniel Angerhausen®’, Russell Deitrick®®, Shawn Domagal-Goldman®®,
John Lee Grenfell’, Yasunori Hori®, Enric Palle®'’, Nicholas Siegler'''?, Karl Stapelfeldt''-'?,

Heike Rauer’ "

White paper for the National Academies of Science (NAS) Astrobiology
Science Strateqgy for the Search for Life in the Universe

Life Beyond the Solar System: Remotely
Detectable Biosignhatures

Shawn Domagal-Goldman !, Nancy Y. Kiang “, Niki Parenteau *, David C. Catling *, Shiladitya
DasSarma °, Yuka Fujii °, Chester E. Harman 7, Adrian Lenardic *, Enric Pallé *, Christopher T.
Reinhard 'Y, Edward W. Schwieterman ', Jean Schneider *, Harrison B. Smith ¥, Motohide
Tamura ', Daniel Angerhausen °, Giada Arney ' , Theresa Fisher ¥ , Hilairy E. Hartnett *
, Yasunori Hori '°, Betul Kacar !7, Timothy Lyons '' , Norio Narita '*, Heike Rauer ', Sarah
Rugheimer ?, Nick Siegler “', Evgenya L. Shkolnik * , Karl R. Stapelfeldt *- 19




Ground-Based

Hawaii



Ground-Based

~2006 - first generation IFU: Since 2015 - New MOS:
SINFONI @ VLT KMOS @ VLT
OSIRIS @ Keck MOSFIRE @ Keck

21



Airborne-based: SOFIA
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“" Advantages for transit-observations:

-wavelength regime

-mobility
a” A P’/ 4”’ -less atmosphere

-dedicated instrumentation

“ENOUGH 1S ENOUGH... I'VE HAD 1T WITH THESE (Angerhausen et al. 2011, McElwain et al. 2013)
GROUND BASED OBSERUATIONS"




SOFIA — first transit

-First exoplanet observation:
1 October 2013 with
FLIPO (FLITECAM & HIPO)

-transit of HD189733b

-"space based” quality

HIFO z' final data/fit

lLllj
Time JHD — 56566



Decorrelation via PCA

observational Parameters - principle components

(PSF “weather”, telemetry etc)

Advantages solves degenerames between parameters,
reduces number of fitting parameters

Disadvantage: loss of physical insight .



—— HST STIS
HST ACS

— HST WFC3 §
HST NICMOS | ]

T
—— Spitzer IRAC
% i‘ Spitzer MIPS
TR

SOFIA
HIPO

10* 10°

wavelength [A]

(~ 1.5 photon noise; 185/160 ppm: Angerhausen et al. JATIS, 2015)




SOFIA -GJ 1214b

HIPO blue

H;Z-rich cloud free | pr‘ev. studieé
H,O- rich cloud free This work 16 ——
H,O-rich tholin 0.2um This work 26 +—
Hs-rich tholin 0.2um ——

HIPO red

. FIi1ecar|1. : 0 ] 1
i - - '\:_.‘-_ o o Lygi il a ° . o -.. LY, ¢

03 04 05

Transit spectrophotometry of GJ1214b (2.7 Re) in Paschen alpha
With FLITECAM Paschen alpha, red/blue with HIPO, | band with FPI+
(Angerhausen et al. 2017, A&A)




SOFIA — challenges

w& i
| - Sept 2015: transit of GJ3740b
(‘warm Uranus”) in
Paschen alpha with
FLITECAM imager and |
band with FPI

SOFIA observation in practice:
-flight planning constrains
-instruments not very well suited
-competition with MIR/FIR
-HIPO & FLITECAM n/a




NIMBUS

SW band images on detector array

1.34-1.50ym 1.58-1.74pm Dichroics & folds

Band #1 Band £2 Short wave camera Short wave channel
Hz0, CN Continuum ]

Band#3  Band#4
177-193um 1.93-2.09um

“—""v"'_—"
6 arc min

.
[

Long wave camera J

di7 323330 um Field mirror

CHg, PAHS, Long wave channel
Continuum Dichroics & folds lenses 1-3

LW band images on detector array




NIMBUS

The Near-Infrared Multi-Band Ultraprecise Spectroimager for SOFIA

SOFIA/NIMBUS Band, Central Wavelengths (1im)
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Future: What about a balloon?

-microwave kinetic
Inductance detector
(MKID)
NN ~’pupil imager’

DR -meter class balloon
platform (ESBO)
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Future: CHEOPS/TESS/JWST

31



(CHEOPS

CHARACTERISING EXOPLANET SATELLITE

32



From TESS/CHEOPS to JWST
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m F '‘Exoplanet observations with SOFIA'
L E https://www.youtube.com/watch?v=y-W3xoOuONE

P M o) 0137450

Exoplanet observations with SOFIA




Backup Slides ‘
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Kepler: Trojans

Sub sample selection:
If “dip” at L4 take second half of
lightcurve and vice versa
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upper limit to the average Trojan transiting
Area (per planet) corresponding to
one bOdy of radius < 460km _ 1G. 4.— Cross-check of sub-sample selection artifacts. In each

select t data that have l.]:i}in- on e 8
and plot their flux only for the other half of pl




Kepler: Trojans

Kepler sees hints of asteroids -First evidence for “Exo-Trojans”
pursuing planets near other stars (Hippke & Angerhausen, ApJ, 2015)

Relative flux [ppm]

3
?_ -sub-sample exhibits a clear dip at both
L4 and L5, with a maximum depth of

2ppm (970km radius equivalent)
- . -weak distance correlation

Planetary period [days)




CHEOPS/TESS/JWST connection

WEATHER ON HOT JUPITERS
1000+ TESS-provided sample

* Compare hot (~0.05AU) and cooler (0.1-0.2AU) systems
* Determine radiation time scales
* Measure temperature with altitude

FORMATION AND MIGRATION OF NEPTUNES
700+ TESS-provided sample

* Evaluate gas fraction vs. remnant core

* Differentiate atmospheric composition
based on migration models

WET SUPER EARTHS
100+ TESS-provided sample

* Compare hot Super Earth’s around the late type K stars
and cooler Super Earths around mid-late M stars

* Investigate signs of habitability

(credit: Ricker, P TESS) 38



(NIR-) Spectrophotometry

H20
H20+CH4

H20+CH4+CO0O2

1.6 1.8

(Swain et al. 2009, o “r
Hubble-NICMOS dayside HD209) Wavelength (.“ M

-every lightcurve represents the spectral value at its particular wavelength,
putting them together reveals the spectrum

- “comparison “ with models show molecule abundances and T-P profile of the planet
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